A number of anaerobic and aerobic bacterial species are known to decolourise azo dyes through the reduction of the azo bonds, forming the corresponding amines. In this work, we describe improved decolourisation conditions for model azo dyes by the ascomycete yeast , depending on dye structure. In the course of decolourisation either metanilic acid or sulfanilic acid were detected in the supernatant fluid, showing that decolourization by this yeast strain is due to azo bond reduction. None of those aminobenzenesulphonates supported microorganism growth as carbon and energy source but both could be used, to a limited extent, as nitrogen sources. The azo reductase activity is not significantly affected by pre-adaptation of the microorganism to the dyes.
Introduction
Among the synthetic dyes, which are widely used for textile dyeing and other industrial applications, those containing an azo chromophore constitute the largest class [1] . Since dyes are designed to be resistant to microbial and physico-chemical attack, most of them are not easily destroyed by conventional processes of wastewater treatment, including biological treatment by activated sludge [2, 3] . The percentage of unchanged dye after such treatments is estimated to range between 50 and 90% [4, 5] , a 2 fact which raises environmental problems, not only for obvious aesthetic reasons but also because the dyes themselves, or their biotransformation products, can have deleterious effects on living organisms. Both the structural diversity of dyes and the wide variability in composition of dye-containing effluents are probably decisive factors accounting for the observed recalcitrance of colouring substances [6] .
As reviewed by Chung et al. [7] , earlier studies on the decolourisation of azo dyes mainly involved anaerobic bacterial species isolated from the intestinal microflora, which cleave the molecules by reduction of the azo bond(s). A closely related research field deals with the investigations on the toxic, mutagenic, or carcinogenic properties of several aromatic amines generated by biological reduction [8, 9] . The azo reductase activity detected in bacteria displaying azo bond reduction capabilities has also deserved considerable attention. Azo reductases were isolated from several bacterial sources and some of their molecular properties and substrate specificities were determined [10, 11] .
Some authors have also succeeded in isolating genomic DNA fragments from azoreducing bacterial species and expressing them in non-decolourising species [12] [13] [14] .
The available evidence indicates that azo reductase activity is associated with different types of genes [12] . In other words, azo reductase activity can be associated with more than one reductase, depending on the particular microorganism and, eventually, on the cultivation conditions.
The most generally accepted mechanism of azo reduction involves the participation of redox mediators, acting as electron shuttles between the extracellular dye and the intracellular reductase. The azo bond reduction step thus occurs extracellularly. Anthrahydroquinone sulfonates [15, 16] , riboflavin and benzylviologen [17] are examples of redox mediators which have been shown to accelerate azo bond reduction by intact cells. This mechanism also accounts for the reduction of highly polar azo dyes, which can not usually cross cell membranes.
Bacterial azo bond reduction also occurs under aerobic conditions, as demonstrated, about two decades ago [18, 19] . Since then various reports on anaerobic, aerobic or anaerobic-aerobic sequential treatments for degradation of coloured effluents have appeared, as recently reviewed by Robinson et al. [20] and Stolz [21] .
In an earlier report [22] , we have provided preliminary evidence on the aerobic azo dye decolourisation by an ascomycete yeast, identified as Candida zeylanoides. In 3 the present work we have used modified cultivation conditions in order to improve the decolourisation process by the same microorganism, and investigated some features of the azo reductase activity which mediates dye decolourisation. The utilization of the stable reduction products of the tested dyes by the microorganism was also studied.
Materials and methods

Chemicals and culture media components
The structures of the azo dyes used in this work are represented in 
Microorganism and maintenance conditions
The ascomycete yeast C. zeylanoides (strain UM2), was isolated as described in a previous publication [22] . The strain was routinely maintained on slants of a medium containing (% w/v): glucose (2), peptone (1), yeast extract (0.5), and agar (2).
Analytical methods
Biomass was measured by turbidimetry readings of appropriately diluted culture samples at 640nm, against a blank prepared with the same dilution of the supernatant in was confirmed by using authentic samples as internal standards. Glucose, ethanol and acetic acid concentrations were ocasionally determined in the growth media by HPLC, using a Merck Polyspher OA KC column, with refractive index detection, and arabinose as internal standard [24] .
Growth and decolourisation assays
Typical decolourisation experiments were routinely performed in 250mL conical 
Assimilation experiments
Minimal media (YNB and YCB) were prepared according to the manufactor's instructions and supplemented with 5mM metanilic or sulfanilic acid for testing these 5 compounds as carbon and energy sources or nitrogen sources for the microorganism.
Control experiments were performed with 2.5mM ammonium sulphate as sole nitrogen source, in YCB, or with 5mM glucose as sole carbon and energy source, in YNB. 
Results and discussion
Dye effects on the microorganism specific growth rates
In order to detect possible dye inhibitory effects, separate growth experiments in NDM, containing each one of the dyes I-IV, and a control without dye, were run. As shown in Fig. 1 , very similar growth curves were obtained. The observed duplication times ranged between 4.8 and 5.6h, and the biomass, in the stationary phase, reached similar values (5-6 OD units) at 40h incubation. These results indicate that, at the concentrations used none of the tested dyes had a significant inhibitory effect on the microorganism growth. 
Decolourisation experiments
As described in a previous report [22] , between 10 and 50% of dyes I-IV (formerly dyes 2b, 2a, 1b and 1a) persisted in the supernatants of shaking cultures of C.
zeylanoides, after 7 days (168h) of incubation. By using the new culture medium (NDM) it could consistently be observed that, after 40h incubation, the concentration of dyes I and II was undetectable, and that of dyes III and IV was reduced to c.a. 15% (Fig. 2) . The incubation period required for complete decolourisation of the latter dyes was 60h (results not shown). In any case, when decolourisation was complete, the yeast cells were also colourless, indicating the absence of any adsorption phenomenon. These results reflect a considerable decrease in the period required for complete decolourisation of these dyes by C. zeylanoydes, under conditions that, except for the medium composition, were otherwise similar.
From Fig. 2 , it is also apparent that decolourisation is faster during the exponential growth phase of the microorganism, slowing down in the stationary phase. This is not unexpected, since the process must be dependent on cell biomass and on actively growing cells.
The monitoring of pH revealed a progressive acidification of the culture medium, starting at the onset of the exponential growth phase, which is due to glucose metabolism. Under the conditions described, the presence of ethanol and acetic acid was respectively (results not shown). The observed pH variation can, eventually, affect decolourisation rate, as is usually the case for bacterial decolourisation processes [17, 25] , and also for the chemical azo dye reduction by NADH [26] . However, further experimental evidence will be required in order to draw any conclusion regarding the optimum pH range for the decolorization process by this yeast strain. 
Detection of dye reduction products
HPLC analyses of supernatant samples of dye decolourisation cultures revealed the presence of metanilic acid (for Dyes I and III), or sulfanilic acid (for Dyes II and IV), as illustrated in Fig. 3 . These aminobenzenesulfonates are the stable reduction products of the tested dyes and were therefore used as markers for azo bond reduction.
The other expected reduction products, 1-amino-2-naphthol and N,N-dimethyl-pphenylenediamine, are quite unstable in aerated solutions. This behaviour has already been described by Kudlich et al. [27] for 1-amino-2-naphthol. The results described above demonstrate that the yeast strain used in the present work cleaves azo bonds by 
Assimilation experiments
Metanilic and sulfanilic acids were separately tested as carbon and energy sources or nitrogen sources by determining specific growth rates of the yeast cells in minimal media (YNB or YCB) supplemented with those compounds, at 5mM
concentrations. Appropriate controls, as described in Section 2, were simultaneously run. The results displayed in Fig. 4 show that the two aminobenzesulphonic acids behave similarly as nitrogen sources, with duplication times of 17h, much higher than the observed with equimolar inorganic ammonium (6.7 h). The limited growth observed in YCB can be due to a restricted uptake of the nitrogen sources by the yeast cells or, alternatively, to the formation of some inhibitory product. This aspect is currently being investigated.
In contrast, none of those substrates supported microorganism growth, as carbon and energy source. The sulphonic group occurs rarely in nature and, therefore, degradation mechanisms for sulphonates are not frequent in the microbial world [28] .
There are, however, some examples described in the literature relating the 9 mineralization of naphthalenesulphonates by a bacterial consortium [29] and of sulfanilic acid by a single bacterial strain, obtained from a mixed culture after extended preadaptation [30] . A similar capability has not been described, so far, in yeast species. Fig. 4 . Growth curves obtained in YCB and YNB containing 5mM metanilic acid (▲) or 5mM sulfanilic acid ( ); controls ( ) were done in the presence of 2.5 mM ammonium sulphate (in YCB) or 5mM glucose (in YNB).
Effect of cell pre-adaptation on decolourisation rates
In order to obtain some evidence regarding the constitutive or inducible nature of the azo reductase activity, the decolourisation rates by cells pre-adapted to the dyes were compared with those observed in cultures inoculated with cells grown in a medium without dye but, otherwise, of identical composition. The results displayed in Fig. 5 clearly show that azo bond reduction is mediated by some constitutive reductase since, in every case, the decolorization progress is virtually independent on cell preadaptation. The observed differences in the half decolourisation times, which range from 1.5-4.5 h, are therefore related to dye structure. 
Structural effects on decolourisation rates
Azo dye reduction in the presence of intact cells, by a redox shuttle mechanism, is expected to be an apparent zero-order reaction, while cells are actively growing, and reduced cofactors are abundant. This seems to be the case with the yeast strain used in this work. In fact, following a short latency phase, observed with Dyes I, III and IV, dye concentration decreases linearly with time, at least in the first half of the decolorization process (Fig. 5) . The apparent decolourisation rates for dyes I-IV, estimated in the linear portion of the decolourisation curves, and referred to initial dry cell weight, are shown in table 2. Interestingly Dyes I, III and IV have very similar apparent zero-order decolorization rates, but significantly lower than the observed with Dye II. These results are, so far, intriguing, even taking into account some of the factors which are likely to affect decolourisation rates, as the steric and electronic characteristics of the substrate, the redox potential of the mediator in relation to that of the azo compound, or the specificity of the reductase towards the mediator. Indeed, in Dyes III and IV, which share the same coupling component (2-naphthol), the position of the sulphonic substituent in the diazo component does not significantly affect the decolorization rate.
In contrast, in Dyes I and II, where the only structural difference is also the position of the sulphonic substituent, those rates are rather different. One hypothesis which could account for the (so far) unexplained differences in decolourisation rates is the occurrence of distinct reduction mechanisms, depending on the particular dye substrate.
Two possible mechanisms for complete azo reduction are a NAD(P)H-like reduction, involving two steps of hydride transfer, each preceded (or followed) by protonation or, alternatively, a flavin-like reduction, where four steps of H + +e -addition would take place. Quite likely the limiting rates in each mechanism would be differently affected by structural features of the substrates. This hypothesis might also account for other unexplained observations as those of Semdé et al. [17] who reported that a NADPH generator system, while being able to reduce the dye amaranth, did not reduce methyl orange or orange II (Dyes II and IV in this study), among other dyes. Also Nam and
Renganathan [26] , in their study of the non-enzymatic reduction of azo dyes by NADH,
were not able to establish a simple correlation between the electronic properties of the substituents in 4-(4'-sulfophenylazo)-phenol derivatives, or their position relatively to the azo bond, and the decolourisation extent, after a fixed time. It thus appears that a suitable basis for correlating azo reduction rates and dye structures has not yet been found.
Conclusions
The present work described improved conditions for the decolourisation of several structurally-related azo dyes by a strain of the yeast C. zeylanoides. Apparently, the major factor determining the shorter decolourisation times now described is the composition of the incubation medium. Decolourisation is due to azo bond reduction, as
shown by the detection of the corresponding amines in the supernatants of cultures where dye decolorization was taking place, and occurs at an acidic pH. The sulphonated amines produced by reduction of the tested dyes could be used as nitrogen sources, but not as carbon and energy sources by the yeast strain. The azo reductase activity towards each dye does not depend on pre-adaptation of the cells to that dye and is therefore due to an unidentified reductase which is constitutive to the yeast strain under the cultivation conditions reported in this work. The available evidence suggests that dye structure affects decolourisation rates but the basis for establishing a correlation between those two parameters remains, so far, unknown.
